Abstract-We have performed high-sensitivity-coherent optical frequency-domain reflectometry (OFDR) measurements of pigtailed optical devices with centimeter resolution. The oscillations of the Rayleigh backscattering level produced by coherent fading noise was eliminated, strongly improving the capabitlity of OFDR measurements of low level reflections and losses. Sensitivities down to -105 dB were achieved with minute measurement times.
I. INTRODUCTION
ITH the development of optical fiber communication systems toward to broad-band Passive Optical Network, optical return loss of optical components have been reduced down to -50 dB in order to improve the responsivity, sensitivity and capacity of these links. Besides the direct effect in duplex transmission (crosstalk), reflections can also affect the modulation properties of the lasers by creating external cavity modes which changes the linearity of the laser optical intensity modulation. Another effect of multiple reflections is the conversion of the laser phase noise to intensity noise. In optical amplifiers, reflections can also cause lasing that drastically restricts the gain [ 11. During the last years several methods have been proposed to characterize optical components. The simplest method is the direct detection of the back reflected light by using a coupler and an optical power meter. However, this method is limited to -75 dB and gives only the total amount of reflected light, being impossible to distinguish the component reflection from the Rayleigh backscattering of the fiber. Optical low-coherence reflectometry (OLCR) has been currently proposed as submillimeter optical reflectometry [2] . This technique offers a high spatial resolution (tens of microns) with a sensitivity down to -160 dB by using erbium-doped superfluorescent fiber and erbium-doped amplifier [3] . The main drawback of this technique is that the maximum range is limited by the mirror scanning range that can achieve 0.5 meter. Optical-coherent frequency-domain reflectometry OFDR [4] has been also proposed for components diagnosis [5] , [6] with high resolution (millimeter) an high sensitivity (-105 dB). The maximum range of an OFDR is limited by the coherence length of the optical source while the spatial resolution is defined by the total optical frequency deviation and the linearity of the frequency sweep. Distributed feedback semiconductor lasers are known to have sharp laser lines and the possibility of optical frequency control via the laser injection current. The performance of these lasers received a great improvement with the development of three section semiconductor lasers. Here, the linewidth decreased down to a few megahertz, with tunability of the order of 2 nanometers free of mode hopping, which are fundamental properties for OFBR applications. In this letter, we present high resolution and dynamic range characterization of optical components using multisection semiconductor lasers.
EXPERIMENTAL SET-UP
A three-section 1.55-pm DFB laser diode is driven by two current sources, one for the central electrode and the other for the side electrodes, which were connected in parallel, and for the temperature control. The laser light was launched into a pigtail fiber through an optical isolator and connected to the OFBR Michelson interferometer. A shot noise limited photodetector, a DC-300 kHz amplifier and a FFT spectrum analyzer were used. The distance between the connector and the optical coupler used as beam splitter was the same for the laser and detector connections. The two arms of the interferometer were cut at the same length and also terminated with FCPC connectors, one of them connected to the system to be measured and the other used as local oscillator, [6] .
The optical frequency of the laser diode was swept by modulating the current of the central electrode with a triangular wavefunction. This procedure guaranteed a good linearity of the optical frequency sweep with only a small intensity modulation. Mode hopping in this laser was not observed. The peak-to-peak current modulation was typically of 20 mA whereas the central electrode bias current was kept at 60 mA. A trigger signal was used to synchronize the data acquisition with a particular part of the laser modulation wavefunction. This allowed a margin of choice of the best linearity of the optical frequency sweep, thus minimizing nonlinear sweep thermal effects. The triangular wavefunction half period was 
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typically of 10 ms whereas a 4-ms acquisition time was used in the FFT spectrum analyzer. Hence, only the most linear part of the optical frequency sweep was used for the data acquisition. The laser linewidth (4 MHz) and chirp modulation parameter (1.1 GHzImA) were measured with a Mach-Zender delayed self homodyne technique and we verified that the linewidth was 3.8 MHz in the full range of current and temperature variation used in the experiments. Therefore, although the laser optical frequency was swept over 22 GHz, only about 9 GHz of this range was used for the data acquisition. 111. RESULTS Fig. l(a) shows the reflectogram of a pigtailed optical isolator with its far end connector unplugged. Three main reflectivity peaks are clearly observed. The one near 2 m corresponds to the fiber-air Fresnel reflection at the free end of the isolator pigtail. From its intensity, one can evaluate the isolation efficiency of the device: the -14 dB Fresnel reflection is now reduced to a level down to -62 dB, which means an isolation of 48 dB for that particular optical component. Fig. l(b) shows the same optical device now connected to a short (19-cm) pigtail terminated with an APC connector. The FCPC reflectiyity now decreased 22 dB, as should be expected for a plugged connector of that type. Its reflectivity in the plugged state is then -36 dB (22 dB below a -14 dB fiber-air Fresnel reflection). Comparison between Fig. ] (a) and (b) also indicates that the reflectivity peaks beyond 2 m are proportional to the intensity of the reflection at the far end FCPC connector, so that they arise from beat signals generated by this far end reflection and multiple reflections within the optical system being analysed. We also note the reduction in the noise floor of Fig. l(b) to -103 dB due to the reduction of the phase noise produced by the Fresnel reflection of the open FCPC connector.
A reflection peak of -5 1 dB at 93 cm indicates the position of the isolator, together with a sharp decrease of the reflectivity noise after it. This feature is characteristic of the Rayleigh backscattering reduction after the isolator. Takmg into account the 48-dB isolation, the Rayleigh backscattering falls below the detection noise floor, no longer being visible after the isolator. The first peak, at 31.5 cm, corresponds to internal reflections within the interferometer. The local oscillator reflection is back reflected at the laser and detector FCPC connectors, and again reflected at the LO-air interface. Hence, a reflection interference peak should appear at the length of the interferometer, which was measured to be 31.5 cm. Assuming the same reflectivity R for each of the interferometer's FC/PC connector, a reflection peak corresponding to ( -2 x 14 -2 x 3 + R ) dB should appear for each input connector, which means a total reflectivity of (-31 + R) dB at this site. In addition the test arm connector also contributes with two peaks of (-14 -2 x 3 + 2 R ) dB each, so that their contribution is then (-17 + 2 R ) dB to the total reflectivity at that point.
Solving for R, we obtain a mean reflectivity of -27.1 dB for the plugged interferometer connectors. This double internal pathway reflection also means a 31.5 cm displaced local oscillator with an intensity --40 dB below the main one.
This feature actually gives rise to satellite peaks for each reflection of the test arm and is highly undesirable if low reflection peaks are being searched in the presence of more important reflections. For best performance of the set-up, angular polished connectors or high quality splices should be used. Fig. 2(a) shows the Rayleigh backscattering signal generated by a 2 m optical fiber pigtail whose far end Fresnel reflection was eliminated. Two effects contribute to the decay of the backscattering signal in OFDR measurements: the optical attenuation of the system under measure and the loss of interference contrast due to limited coherence of the laser source. In this case, only this latter effect is present, because of the extremely low attenuation of the fiber in the meter range. Then, the coherence length of the laser, as well as its linewidth, can be evaluated from the decay of the backscattering signal. In our case, the decay rate was 0.75 dB/m, corresponding to a laser linewidth of 5 MHz, relatively in good agreement with the 3.8 MHz measured with the delayed self homodyne technique. Indeed, we could easily -60, , I , . , . , . , . , . Reflectogram of a 2 x 2 optical coupler. The peak near 3 m is due to observe Rayleigh backscattering in fibers up to 10 m, but when a far reflection is present the laser phase noise is converted into intensity noise which smears out the backscattering signal. Therefore, although we observe reflection peaks at distances as far as far as 20 m, low-level precision measurements can be done for distances only up to -5 m.
The oscillating behavior of the backscattering signal, called fading noise, arises because of the interference of sinusoidal waveforms with random phases coming from each neighbouring part of a certain section of the test fiber. Because of this random character, the resulting total intensity fluctuates, giving rise to the noisy feature of the reflectogram. This feature is also observed in optical low coherence reflectometry [7] , and contrary to reported in [8], the Rayleigh backscattering of an OFDR reflectogram indeed fluctuates although the laser wavelength is being swept during the measurement. The fading noise can be eliminated if the relative phases of the interfering signals are varied during successive measurements in an averaging process. In this case, the position of the peaks and valleys of the backscattering signal changes from spectra to spectra during the process, thus averaging out the fluctuation. The best way to do this is to sweep the laser mean frequency by varying its temperature whilst averaging the OFDR signal. Fig. 2(b) shows the averaged signal for a total laser temperature variation sweep of 5.4 OC. Considering the laser frequencykemperature coefficient of 10 GHz/"C (at constant current control), we see that a strong reduction of the fading noise was obtained by sweeping the laser the laser optical frequency by 54 GHz over 2500 reflectograms. Because the chirp parameter of the laser slightly varies with temperature the beat frequency corresponding to a given reflection will vary during the averaging process, thus causing a small loss in spatial resolution. This effect was evaluated by measuring the peak width increase of the Fresnel reflection of a pigtail connected to the interferometer. The resolution of the OFDR decreased from 2 cm to 9 cm.
As an application of the fading noise reduction method we measured the insertion loss of an optical 2x2 coupler as shown in Fig. 3 . Here again we recognize the internal reflection peak at 31.5 cm, the reduced far end reflections and a drop of 3.15 dB of the Rayleigh backscattering level at the coupler.
Considering the 3 dB loss due to the 2x 2 feature of the coupler and the fact that the light pass twice over the coupler, we obtain a mean insertion loss of 0.075 dB for that particular optical component, which was compatible with the manufacturer's specification and measured in a very simple way.
IV. CONCLUSION
In conclusion, we presented results indicating that fading noise is indeed present in high-sensitivity OFDR systems, and that it can be easily eliminated by sweeping the laser temperature during the FFT averaging process. For high resolution measurements, and where low-level reflection are not being considered, the laser temperature sweep can be avoided, and centimeter resolution scale over 10 m are easily obtained with an acquisition time of a few seconds, still keeping a sensitivity of -100 dB. When reflection of the order of the Rayleigh backscattering level are considered, the temperature sweeping easily reduces the fading noise from 20 to less than 3 dB, strongly increasing the performance of the OFDR system whilst keeping minute acquisition times and -100 dB sensitivity over 5 m. The resolution, however, is poorer in that case.
